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(57) Abstract 

A high average power laser which has a rod (1) arranged in a cavity between two reflectors (2) and includes in the cavity 
on the axis of the laser rod at least one birefringent element (6) for the depctaisation oflight in the end of the cavity axjjacent the 
laser rod, the b ireningent element preferably consisting of a pair of lens elements (7) and (8) spaced apart and at least one of 
which said elements is formed from birefringent crystalline mate rial 
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"BIREFRINGENCE COUPLED HIGH AVERAGE POWER LASER" 



BACKGROUND OF THE INVENTION 

In a solid state laser such as Neodymium doped 
Yttrium Aluminium Garnet Laser (NdrYAG) , thermal 
•5. gradients in the material operating at high average 
power input induce thermal birefringence and thermal 
lensing. 

Thermal lensing can be overcome by suitable choice 
of mirror curvatures or by using compensating lenses in the 
10. laser cavity. Thermal birefringence is a more difficult 
problem. 

In high average power lasers , the rod is usually 
water cooled. This introduces thermal gradients in the 
laser rod, the rod becoming hotter in the centre than at 
15. the edges. Since the rod is usually cylindrical, the 
thermal gradient is radial, and it induces optical 
birefringence so that light polarised in the radial direction 
propagates at a different velocity to light polarised in 
the tangential direction. 

20. In a laser containing a polarising element such as 

a polarising prism, the plane polarised beam transmitted 
by the polarising element is, after passing through the 
laser rod, elliptically polarised. The degree of 
ellipticity and orientation of the major and minor axes 

25. vary from point to point over the rod surface. In a 
normal laser this causes a severe drop in laser output 
as a component of the light is subsequently rejected by 
the polarising element. 
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2. 



In a previous patent application filed in Australia 
under No. 53769/79 (PD 7124/78) the author discussed 
means of compensating for these effects by a 90 degree 
rotation of the plane of polarisation on each alternate 
• 5. pass through the laser rod. This has the effect of 
interchanging the radial and tangential components so 
that ellipticity induced in one pass through the rod is 
cancelled in the next pass. 

Thermal compensation techniques are however 
10. complicated as is shown in patent application No. PD 7124/78, 
or the patent of G.D. FERGUSON, United States Patent No. 
4,068,190. 

The degree of ellipticity and orientation of the 
ellipse after passing through the laser rod and back 
15. toward the polarising beam splitter varies from point to 
point over the surface of the rod, and energy "leaks" 
from the polarising element occur causing a drop in 
output. 



20 



It follows that if one closes the laser cavity by 
making both reflectors highly reflecting (i.e. approximately 
100% reflecting) the energy leakage could constitute an 
output. Indeed such polarisation coupling has been 
used at low repetition rates by WARD in U.K. Patent 
1,358,023 and by CROW in U.S. Patent 3,924,201. In 
25. these designs the polarisation state of the light is 
changed on the side of the cavity adjacent the laser 
rod by the use of a Porro prism aligned with its azimuth 
at approximately 45 degrees to the pass plane of the 
polarising beam splitter. This causes a uniform change 
30. of the polarisation state of the beam from plane polarised 
to elliptically polarised. On returning to the 
polarising beam splitter a component of the elliptically 
polarised light is reflected out of the cavity as the 
output. 
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An alternative to the use of the Porro prisms in 
this way is the use of a quarter wave plate in the side 
■ of the cavity adjacent the laser rod where the reflectors 
may be multi-layer dielectric mirrors. The azimuth 

• 5. angle of the wave plate is adjustable relative to the 

pass plane of the beam splitting polariser. The output 
from the laser varies as (sin (20) ) 2 , where Q is the 
azimuth angle of the quarter wave plate, and the 
coupling is readily adjustable from 0 to 100% allowing 

10. the degree of coupling to be easily adjusted to an 
optimum value. 

The author has shown experimentally that using 
a quarter wave plate in this way allows the laser to 
be run at low or high repetition rates with minor 
15. variations in the output energy. The azimuth angle of 
the quarter wave plate must be adjusted to maintain the 
output steady as the average power input is changed. 

Such systems generally have serious defects at 
high average power input. Because the birefringence 
20. across the laser rod varies from point to point over 
its surface and in magnitude with the average power, 
the intensity distribution of the laser output at high 
average power (or high repetition rate) shows strong 
spatial variations. 

25. Computer studies of the variation in coupling, 

with thermal birefringence taken into account, show 
marked changes across the rod cross-section with average 
power and azimuth angle of the quarter wave plate. This 
variation in coupling gives rise to corresponding 

30. variations of the intensity distribution. 
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Although intensity variations of the type referred 
to may not in themselves be undesirable: at points 
where the combined effects of the quarter wave plate 
and the birefringence of the rod produce low coupling, 
5. very high energy densities may occur leading to damage 
of laser components. (See FIG. 1). 

OBJECTS OF THE INVENTION 

The object of the present invention is to overcome 
these spatial variations in output coupling and produce 
10. more uniform coupling across the beam diameter. 

THE INVENTION 

According to this invention uniformity of the 
coupling is improved by introducing a naturally bire- 
fringent element in the laser cavity which has rapid 

15. spatial variation of the relative phase shift between 
orthogonally polarised components of light. Such 
spatial variation of the phase shift should preferably 
be on a scale small compared to the fundamental mode 
spot size so that it does not modify the distribution 

20. of modes in the cavity and thereby achieves uniform 
coupling. 

Thus what is required is in fact depolarisation of 
the light in the end of the cavity adjacent the laser 
rod. No perfect depolariser exists, but techniques for 
25. accomplishing depolarisation are discussed by Schmidt and 
Vedam in Optica Acta 1971, Vol. 18, No. 9, pp 713-718. 
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The techniques described here are based on the ideas 
of Schmidt and Vedam with the objectives for the laser 
discussed previously. 

The invention thus comprises a laser rod arranged 
5. in a cavity between two total reflectors and including on 
the laser rod axis a polariser and a Q switch, 
characterised by a depolarising lens assembly also 
on said laser rod axis. The lens assembly may be a 
zoom lens to compensate for changes in focal power of 
10. the lens. 

The invention can be carried out in many ways, but 
to enable the nature of the invention to be fully 
appreciated, various embodiments will now be referred to, 
but these are not to be taken as limiting the invention 
15. to the specific embodiments now to be described. 

In the drawings : - 

FIG. 1 is a computer generated plot of the coupling 
variations across a 6 mm diameter laser rod having a V 4 
thermal distortion from centre to edge. The quarter 
20. wave plat azimuth angle is 15°. Intensity distributions 
corresponding to this are found in practice. 

FIG. 2 is a schematic perspective view of a typical 
arrangement of the invention using mirrors as the 
reflecting means, 

25. FIG. 3 is a longitudinal section of the depolarising 

lens assembly, 
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PIG. 4 is a view corresponding to FIG. 2 but showing 
roof prisms as the reflectors , 

FIG. 5 shows a computer generated contour plot of 
the coupling variations across a 6 mm diameter laser 
5. rod having a X thermal distortion from centre to edge 
of the laser rod. The depolarising assembly used in 
this case has a 4 A centre to edge variation and is 
oriented at an azimuth angle of 45°. The spatial 
frequency of the coupling variations introduced by the 
10. depolarising assembly is high and the additional 

variations caused by thermal distortion in the laser rod 
constitute a perturbation rather than being the dominant 
effect. 

In the embodiment shown in FIGS. 2 and 3 a laser 
15. rod 1 has a pair of total reflection mirrors 2-2 arranged 

one on either side of the laser rod to form a cavity there- 
between in which the laser rod is axially aligned, but 
between the one mirror 2 and the rod 1 is interposed a 
Q switch 3 and a polarising prism 4, the latter forming an 

20. angular output for the laser beam to a frequency doubler 5, 
but in place of the fixed quarter wave plate normally used 
in such an assembly a lens-like wave plate 6 is used. 
This is formed of a pair of spaced-apart lens elements 
7 and 8, at least one element of which is ground from 

25. birefringent crystalline material (e.g. quartz) with the 

curvature of the surface (or surfaces) chosen to give rapid 
radial variation of the phase shift and is oriented at an 
azimuth angle of 45 degrees to the pass plane of the 
polariser 4. To compensate for the lensing action of the 

30. wave plate, the second lens element is of opposite sign, 
and may also be fabricated of birefringent crystalline 
material to further enhance the depolarising action. 
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Further , if the two lens elements 7 and 8 are 
designed so that their separation may be varied , the 
optical power of the combination may be altered to 
compensate for the lensing induced in the laser rod 1 
5. at high average power. 

Computer modelling of such a system indicated that 
the coupling across the laser beam approaches an average 
value of 50% if the phase shift on the central axis is 
suitably chosen. 

10. If in such a system the average coupling is plotted 

against the relative phase shift at the centre of the 
lens-like wave plate 6 with the azimuth angle as a 
parameter, it is seen that maximum coupling is obtained 
with a central phase shift of 0.3 wavelength at an 

15, azimuth angle of 45 degrees* 

If both lens elements are of birefringent crystalline 
material then the difference in phase shift between the 
two on the central axis must be approximately 0.3 wave- 
length for maximum coupling efficiency. 

20. Another possible variation is to fabricate one of 

the lens elements as an optical rotator and the other as 
a lens-like wave plate. The optical rotator is cut 
from a birefringent material which exhibits optical 
rotatory power, with the lens axis parallel to the optic 

25. axis. The wave plate is cut with the lens axis at 
right angles to the optical axis. 

Laser rod energisation is by a flash lamp 9. 
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The computer models of the embodiment just described 
indicate that the spatial frequency of the depolarisation 
which can be achieved may not be as high as is desired. 
This can result in significant areas of the laser rod over 
5. which the coupling is low and this can cause damage as 
indicated previously. 

The second embodiment shown in FIG. 4, which is 
the generally preferred embodiment, uses the depolarising 
zoom lens assembly 6 in conjunction with a crossed Porro 

10. prism resonator comprising the prisms 10 and 11. In an 
evaluation of the crossed Porro resonator the author 
has shown that where the Porro prism azimuth angles are 
chosen correctly the resonator has the property of 
averaging, in a circumferential sense, the internal 

15. energy distribution. 

Reasonable averaging is obtained where the angle 
between the Porro prism roof edges is in the range 55 
to 80° with best averaging in the range 65° to 75 . 

The materials of which the Porro prisms are 
20. fabricated are chosen to achieve the desired degree of 
coupling for the Porro prism adjacent the laser rod and 
the desired hold-off to prevent lasing for the Porro 
adjacent the Q switch. The choice of materials is 
further made to satisfy the condition that the angle 
25. between roof edges should be in the range 65° to 75 - 

When used in conjunction with the crossed Porro 
resonator in this way, the depolarising zoom lens assembly 
should be fabricated such that the central phase difference 
is NX where N = 0,1,2 
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS : - 

X. A high average power laser comprising a rod 
arranged in a cavity between two reflectors and including 
in the cavity on the axis of the said laser rod at least 
one birefringent element for the depolarization of the 
light in the end of the cavity adjacent the said laser rod* 

2. A high average power laser according to Claim 1 
wherein the said birefringent element is in the form of 

a wave plate comprising a lens assembly consisting of a 
pair of lens elements spaced apart, at least one said 
lens element being formed from birefringent crystalline 
material. 

3. A high average power laser according to Claim 2 
characterised in that the curvature of the said lens 
surface is chosen to give rapid radial variation of the 
phase shift and is orientated at an azimuth angle of 

45 degrees to the pass plane of the polariser. 

4. A high average power laser according to Claim 3 
characterised in that the said lens elements comprise 
one positive element and one negative element. 

5. A high average power laser according to any one 
of claims 2, 3 or 4 characterised in that at least one of 
said lens elements is movable in distance from the other 
to provide a variable separation to select the optical 
power of the combination to compensate for lensing 
induced in the said laser rod at high average power. 
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•6. A high average power laser according to any one 
preceding claim wherein the said reflectors are mirrors 
with total reflecting power. 

7. A high average power laser according to any 
preceding claim characterised in that the said reflectors 
are Porro prisms arranged to form a crossed prism 
resonator . 

8. A high average power laser according to preceding 
Claim 3 characterised in that one of said elements is 
arranged as an optical rotator and the other as a wave 
plate, the said optical rotator being cut from a bire- 

5. fringent material which exhibits optical rotary power 
the said lens axis being parallel to the optic axis. 
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AMENDED CLAIMS 
(received by the International Bureau on 27 April 1981 (27.04^1)) 

(amended) 1. A high average power laser comprising a rod 
arranged in a cavity between two reflectors and including 
in the cavity on the axis of the said laser rod at least 
one birefringent element for the spatial depolarization 
5. of the light in the end of the cavity adjacent the said 
laser rod, 

2. A high average power laser according to Claim 

1 wherein the said birefringent element is in the form of 
a wave plate comprising a lens assembly consisting of a 
pair of lens elements spaced apart, at least one said lens 

5. element being formed from birefringent crystalline 
material. 

3. A high average power laser according to Claim 

2 characterised in that the curvature of the said lens 
surface is chosen to give rapid radial variation of the 
phase shift and is orientated at an azimuth angle of 

5. degrees to the pass plane of the polariser. 

4. A high average power laser according to Claim 

3 characterised in that the said lens elements comprise 
one positive element and one negative element. 

5. A high average power laser according to any 
one of claims 2, 3 or 4 characterised in that at least one 
of said lens elements is movable in distance from the 
other to provide a variable separation to select the 

5- optical power of the combination to compensate for 

lensing induced in the said laser rod at high average power. 
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6. A high average power laser according to any one 
preceding claim wherein the said reflectors are mirrors 
with total reflecting power. 

7. A high average power laser according to any 
preceding claim characterised in that the said reflectors 
are Porro prisms arranged to form a crossed prism 
resonator. 

8. A high average power laser according to preceding 
Claim 3 characterised in that one of said elements is 
arranged as an optical rotator and the other as a wave 
plate, the said optical rotator being cut from a bire- 

5. fringent material which exhibits optical rotary power 
the said lens axis being parallel to the optic axis. 
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